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ABSTRACT
INTERACTIONS BETWEEN ARBUSCULAR MYCORRHIZAL FUNGI AND PLANTS
UNDER CLIMATE CHANGE
Phyllis H. Pischl, M.S.
Department of Biological Sciences
Northern Illinois University, 2015
Nicholas Barber, Director

Along with the increase in temperature due to global warming, changes in
precipitation will also accompany climate change, leading to more severe droughts in some
areas. How these changes will affect plant growth requires further investigation. Most
vascular plants form symbiotic relationships with arbuscular mycorrhizal fungi. Arbuscular
mycorrhizal fungal colonization of plants has been found to reduce stresses such as drought
and herbivory, which may allow plants to survive with less water or in the presence of insect
pests. This study examines the relationship of arbuscular mycorrhizal fungi (AMF) and bell
pepper plants (Capsicum annuum) under the stresses of elevated temperature and drought.
Additional experiments investigate if colonization by AMF influences insect herbivory on
plants at elevated temperatures. The results of this investigation found that AMF may play a
role in providing nutrients and increasing the fitness of the host plant under the stresses of
climate change but not initial plant defenses against insect herbivory.
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INTRODUCTION

Climate change will have widespread effects on the abiotic conditions that organisms
experience. Some of the predicted effects of climate change include increased CO2
concentrations, drought and elevated temperatures (IPCC 2014). For the Great Lakes region,
spring and summer temperatures are predicted to increase by 1.5 to 2°C above the current
averages by 2025-2035 and changes in precipitation may make agriculture more difficult
(Kling et al. 2003). Although annual rainfall may actually increase, the heaviest rainfalls are
predicted for winter and spring, whereas the growing season will experience more frequent
droughts due to the increased temperature and increased loss of moisture from greater
evaporation of soil and surface water and transpiration by plants (Kling et al. 2003, Wang et
al. 2011). Even though increased CO2 concentrations increase photosynthesis, research has
demonstrated that elevated temperatures may reduce this effect (Ruiz-Vera et al. 2013) as
plants close their stomata to conserve water. As the predicted effects of climate change are
realized, species unable to tolerate changes will have to adapt or shift their ranges towards
suitable conditions (Aerts et al. 2006). The ability of a species to better tolerate the stresses
of climate change, such as drought, could influence abundances and thus change
compositions of communities (Compant et al. 2010). As the effects of climate change
increase, positive interactions between organisms may provide tolerance against abiotic
stresses. One such interaction is the symbiotic relationship between arbuscular mycorrhizal
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fungi (AMF) and plants, which could ameliorate the stress effects of climate change and
benefit plant growth and fitness (Kivlin et al. 2013).
AMF form symbiotic relationships with vascular plants by colonizing plant roots and
extending the area in the soil that can supply resources for the plant. The AMF provide the
plants with water and minerals (particularly P and N) in exchange for carbohydrates
produced by the plant (Smith and Read 2008). Increased CO2 concentrations, one of the
predicted causes of climate change, may have a positive effect on the colonization of AMF
and may enhance plant growth when nutrient availability is not a limiting factor (Tylianakis
et al. 2008). The effects of AMF colonization on plants when subjected to drought are
generally positive, as measured by higher root:shoot ratios and increased biomass (Compant
et al. 2010). However, some species of AMF may be better than others at surviving the
stresses of drought and reducing drought effects on plants (Davies et al. 2002, Ortiz et al.
2015). The effects of elevated temperature on AMF–plant interactions vary more with plant
species (Bunn et al. 2009). In contrast, AMF isolates of the same species from three different
climates all had reduced development at reduced temperatures, suggesting that the isolates
from the colder climates did not show adaptation to soil temperature of the environment from
which it was derived (Gavito and Azcon-Aguilar 2012). Therefore, our understanding of
AMF–plant interactions under different abiotic conditions is limited, and it will be
informative to investigate these interactions under altered climate conditions.
AMF also affect the interactions of their host plants with herbivores (Barber et al.
2013, Kempel et al. 2010, Koricheva et al. 2009) through at least two mechanisms. First,
AMF increase tolerance, where the benefits of the AMF allow the plant to not experience
loss of fitness due to the effects of herbivory (Bennett et al. 2009). Second, AMF influence
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plant resistance traits such as defensive chemistry (Kempel et al. 2010), which reduce the
total amount of herbivore damage the plant suffers. Plant defense chemistry has been shown
to be mediated by the presence of the symbiotic AMF (Barber 2013, Kempel et al. 2010). In
particular, AMF colonization may “prime” induced defense responses of the plant so that
they respond more strongly or more quickly to herbivore attack (Pozo and Azcon-Aguilar
2007).
The goal of this project was to investigate the symbiotic relationship between plants
and AMF under predicted stresses of climate change. A field study investigated the
interactions of AMF, drought and elevated temperature on plant growth and fitness. An
herbivory study investigated the influence of AMF on plant resistance under ambient and
elevated temperatures. I predicted that AMF would lessen the negative effects of drought
and elevated temperature on plant performance and that plant resistance would decrease
under higher temperatures, but that AMF would reduce this effect.
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RESEARCH DESIGN AND METHODS

Study System

Capsicum annuum L. (‘California Wonder,’ W. Atlee Burpee & Co. Warminster, PA,
USA) is an annual plant and important agricultural crop. First described in 1928, California
Wonder is a bell pepper and an heirloom cultivar (Votava and Bosland, 2002). It commonly
forms mycorrhizal associations and the broad geographic range over which it is planted
means it will be exposed to a variety of climatic conditions on farms and in gardens. Peppers
are generally high in nutrients, including vitamin C (Bosland 1996), and may be an important
source of nutrients for many people (Davies et al. 2002). In 2012, bell peppers were a $600
million commercial crop planted on 23,000 ha in the U.S. (USDA 2013).

Planting Protocol

Capsicum annuum L. seeds were sterilized in 5% bleach for 30 minutes and rinsed
three times with deionized water. The AMF inocula were mixed in the top 5 cm of 1:1 v/v
sterilized sand/soil (Fafard 3B, Sun Gro Horticulture Canada Ltd., Vancouver, Canada). The
seeds were added and covered with 0.6 cm of soil mix. All plants were inoculated with a
fungal-free microbial filtrate to add back a standardized bacterial community, prepared from
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a slurry of the soil, water, AMF single and mixed inocula that were passed through a 25micron filter. Pots were arranged in blocks and were rotated on greenhouse benches weekly.

Field Study

To examine AMF effects on plant performance under the stress factors of temperature
and drought, I used a 2×2×3 split-plot design manipulating temperature (elevated vs. ambient,
plot-level factor), drought (restricted water vs. sufficient water) and AMF (single vs. mixed
vs. control) with 10 plants per treatment combination for a total of 120 plants. Controls were
non-mycorrhizal plants (a sterilized inoculum equivalent of the mixed inoculum was added to
the soil); “single” were plants inoculated with approximately 60 spores of single species of
AMF, Rhizophagus irregularis(MYKE from Premier Tech Biotechnologies, Québec,
Canada), and “mixed” were plants inoculated with approximately 60 spores of an AMF mix
of Rhizophagus irregularis, Glomus clarum, Glomus aggregatum, Glomus etunicatum,
Glomus deserticola, Glomus monosporus, Glomus mosseae, Gigaspora margarita, and
Paraglomusbrasilianum (MYKE from Premier Tech Biotechnologies, Québec, Canada, and
Endomycorrhizal Inoculant from BioOrganics, New Hope, PA, USA). All species are
commercially available and recommended for commercial growers and home gardeners. In
previous studies, the impacts of several of these species of AMF have been shown to vary
depending on the plant species being colonized (Barber et al. 2013, Kiers et al. 2010).
Plants were germinated in 1.84 L pots (Belden Plastics, St. Paul, MN, USA), then
moved to the field site (an open yard, St. Charles, IL, USA) after eight weeks of growth in
the greenhouse, where they remained from June 14 to August 9, 2014. In the field setting, 6
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plants (3 AMF treatments × 2 drought treatments) were placed in each of 20 wire enclosures
(0.9m × 1.5m, 1.2m tall, spaced 1.5m apart) to prevent mammalian herbivory; these
enclosures were also the temperature manipulation plots, with 10 ambient temperature
enclosures and 10 elevated temperature enclosures whose four sides were wrapped with
plastic sheeting. The soil of each pot was covered with an inverted Styrofoam plate with a
hole for the plant stem to keep rainwater out. The plants were rotated within each enclosure
weekly. To mimic drought conditions, “sufficient” plants received sufficient water to
prevent wilt, and “restricted” treatment plants received half the amount (Staddon et al. 2004).
For the first five weeks, sufficient plants received 100 ml and restricted plants received 50 ml
of water. For the remainder of the study, the plants received 200ml and 100ml, respectively.
All plants were fertilized on July 7 with 5ml of Osmocote 22-3-8 (Everris NA Inc., Dublin,
OH, USA). To monitor temperature conditions in the experiment, an ibutton (Maxim
Integrated, San Jose, CA, USA) was randomly placed in one pot per enclosure to measure the
soil temperature and in four enclosures (two ambient, two elevated) to record air temperature.
Soil moisture content was measured 15 times (between 6-26-14 to 8-9-14) just prior to
watering using a Tech soil moisture probe (Extech, Nashua, NH, USA); one sufficient and
one restricted plant per enclosure was consistently sampled.
During the eight weeks in the field, the number of flowers on each plant was tallied
seven times (between 7-5-14 and 8-9-14) and summed to determine total flower production.
To quantify wilt, a 0-2 numerical value for each plant was recorded twelve times (between 75-14 and 8-9-14) prior to watering, with 0 representing no wilt, 1 representing slight wilt (a
bend of less than 90° of the leaf from the petiole) and 2 representing wilt (with the leaves
bending 90° or more from the petiole), following Davies et al. (2002). The number of fruits
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on each plant was counted on the last day of the study to estimate fruit production, where
any clearly developing fruit was counted regardless of size. From each plant, fresh 0.1g
samples of leaf tissue were frozen at -80°C for N (nitrogen) analysis, and a small sample of
fine roots was removed from the rinsed root mass and frozen at -4°C to quantify AMF
colonization. Plants were dried at 60°C for 48 hrs to determine total plant biomass and
root:shoot biomass ratio. Twelve enclosures (six ambient, six elevated) were randomly
selected for leaf chemical analyses: N was measured as digestible protein content using the
Bradford assay (Bradford 1976; Bio-Rad, Hercules, CA, USA) and P content was measured
using the Murphy-Riley procedure (Murphy and Riley 1962). AMF colonization in these
same plants was measured in root samples stained with trypan blue using the gridlineintersect method (McGonigle et al. 1990, Phillips and Hayman 1970).

Analysis

Phosphorus content, protein content, sum of wilt, sum of flowers, end number of
fruits, total biomass, and root:shoot biomass were analyzed using split-plot ANOVA with
temperature as the plot-level variable and drought, AMF treatments, and their interactions, as
within-plot variables using aov() in R version 3.0.3 (R Development Core Team 2014). Fstatistics were calculated using interaction mean squares in the denominator (Zar 2010).
Significant interactions were further analyzed with Tukey tests using lsmean() in lsmeans
package (Lenth, 2013).
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Herbivory Study

To determine how AMF influence plant resistance to herbivory at elevated
temperatures, I used a 2×3 factorial design manipulating temperature (elevated vs. ambient)
and AMF (single vs. mixed vs. control) with 159 plants total (n = 53 per treatment
combination). Seeds were planted as above in 473 ml pots (Kord Products, Toronto, CA)
and grown in the greenhouse for eight weeks before being relocated to growth chambers at
27°C (ambient) and 30°C (elevated). An increase of 3°C is a realistic choice as the predicted
temperature increases in the Midwest are between 5°C to 10°C by 2100 (Wuebbles and
Hayhoe 2004). All chambers had 16:8h light:dark schedule and plants were rotated within
the chambers weekly and watered twice a week. Two trials were run to account for any
chamber effects; ambient chambers in Run 1 were set at the elevated temperature in Run 2
and vice versa. In Run 1, each chamber had 30 plants (n=10 per treatment combination), and
in Run 2, each chamber had 21 or 24 plants (n = 7 or 8 per treatment combination). After 6
weeks in the growth chambers, leaves from each plant were excised for herbivore bioassays.
Leaves were removed from plants with sharp scissors below the leaf blade at the petiole to
minimize induction of plant defense chemicals (Karban and Baldwin 1997).
To directly assay effects on herbivores, I fed excised leaves to the specialist
herbivore, Manducasexta(tobacco hornworm, Lepidoptera: Sphingidae), in a sealed petri
dish. M. sextaeggs (Carolina Biological Supply Co., Burlington, NC, USA) were hatched at
27°C and fed leaves from extra pepper plants grown without AMF. A single neonate
caterpillar was allowed to feed on leaves removed from one test plant for 72 hours and was
given as many leaves from its assigned plant as it could consume. Caterpillars were then
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starved for approximately eight hours to clear their digestive tracts and massed to determine
growth, a measure of plant resistance. Fresh 0.1g samples of leaf tissue were frozen at -80°C
for peroxidase (POD), protease inhibitors (PI) and N analysis. POD and PI are defensive
proteins produced by many plants, including Solanaceae (Thaler et al. 1996). Samples of
fine roots were frozen at -4°C to quantify AMF colonization. Remaining plant tissue was
dried at 60°C for 48 hrs to grind leaf tissue for P analysis. Four plants from each of the AMF
treatments per chamber (in each run) were randomly selected for chemical analysis. Protein
content, P content and AMF colonization were measured as in the field study. The PI and
POD activity were measured based on the methods of Thaler et al. (1996) and Moore et al.
(2003).

Analysis

Caterpillar mass, protein content, P content, PI activity, and POD activity were
analyzed with ANOVA, treating temperature, AMF treatment, and their interactions as
independent variables using aov() in R version 3.0.3 (R Development Core Team 2014). Fstatistics were calculated using interaction mean squares in the denominator (Zar 2010).
Significant interactions were further analyzed with Tukey tests using lsmean() in lsmeans
package (Lenth, 2013).
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RESULTS

Field Study

AMF, temperature, and drought treatments successfully manipulated the conditions of
the plants. Non-mycorrhizal plants were not colonized, but plants inoculated with both
single and mixed AMF treatments were colonized. Data from the ibuttons demonstrated that
while the air temperatures were generally between 0-5°C warmer in the elevated-temperature
enclosures, especially when daytime temperatures peaked, soil temperatures were generally
0-3°C warmer when temperatures were low (Fig. 1a and b). Drought treatment decreased
soil moisture in the restricted plants compared to the sufficient plants in both the ambient and
elevated enclosures (Fig. 1c).
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Both AMF treatments significantly reduced protein content in plants, but other
treatments had no effect (Table 1, Fig. 2a). Phosphorus content was unaffected by treatments,
except there was a marginally significant effect of drought, which tended to increase the P
content (Fig. 2b). There was a significant interaction effect of AMF, drought and
temperature on total plant biomass (Table 1, Fig. 3a). Non-mycorrhizal plants were larger at
ambient temperature with sufficient water but the effect was weakened by elevated
temperature. Both AMF treatments demonstrated significant increases in biomass when
water was increased at elevated temperature, but the mixed AMF treatment also
demonstrated this increase at the ambient temperature. Drought alone affected root:shoot
biomass ratio, with a higher ratio under the restricted water treatment (Table 1, Fig. 3b). Wilt
increased with the restricted water conditions and when the temperature was increased (Table
1, Fig. 4a). There was a three-way interaction effect on flower production such that an
increase in water tended to increase the number of flowers for all AMF treatments at ambient
temperature and the mycorrhizal plants at the elevated temperature (Table 1, Fig. 4b).
Temperature had a significant effect on fruit production, and there was an interaction
between AMF and drought such that the non-mycorrhizal plants responded much more
positively to an increase in water than AMF-treated plants (Table 1, Fig. 4c). Fruit
production was largely increased for non-mycorrhizal plants when drought conditions were
alleviated.
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Table 1
The ANOVA Analysis Results for the Field Study Data

Source
AMF
Temperature
AMF x Temperature
Drought
AMF x Drought
Drought x
Temperature
AMF x Drought x
Temperature

Source
AMF
Temperature
AMF x Temperature
Drought
AMF x Drought
Drought x
Temperature
AMF x Drought x
Temperature

Protein
F
P
23.81
<0.001
0.478
0.505
0.27
0.766
0.845
0.365
1.143
0.332
0.167
0.685

Phosphorus
F
P
0.356
0.705
0.493
0.498
0.404
0.673
4.022
0.054
0.831
0.445
2.416
0.131

Total Mass
F
P
3.437
0.043
0.158
0.696
1.109
0.341
70.690 <0.001
1.951
0.152
0.222
0.640

Root:Shoot
F
P
0.624
0.542
0.115
0.738
0.082
0.922
9.841
0.003
0.566
0.571
3.176
0.080

0.550

2.093

6.970

0.002

0.470

0.583

0.141

Wilt
F
1.54
8.845
0.501
139.34
0.344
0.189

P
0.228
0.008
0.610
<0.001
0.710
0.665

Flowers
F
2.093
0.745
1.400
2.204
3.864
0.356

P
0.138
0.399
0.260
0.144
0.027
0.554

Fruits
F
0.658
4.504
1.045
3.246
3.184
0.149

P
0.524
0.048
0.362
0.077
0.049
0.701

0.275

0.761

4.439

0.017

0.161

0.851

0.482

F test for temperature used enclosure mean square error for denominator. F test for AMF and AMF ×
temperature used enclosure × AMF interaction mean square error for denominator. All others were tested over
the 3-way interaction mean square error. Bold print indicates P < 0.05.
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Herbivory Study

Examination of roots verified that both AMF treatments were successfully colonized,
whereas AMF was absent in the non-mycorrhizal treatment. AMF affected both protein and
P, with single AMF plants having the highest content and non-mycorrhizal plants the lowest,
for both variables (Table 2, Fig. 5a and b). Single and non-mycorrhizal plants grown under
elevated temperature also had significantly higher protein content than at ambient
temperature. AMF and temperature treatments had no effect on PI activity, POD activity
(Table 2, Fig. 6a and b), and herbivore biomass, although M. sexta biomass was significantly
greater in Run 1(Fig. 7).

Table 2
The ANOVA Analysis Results for the Herbivory Study Data

Source
AMF
Temperature
AMF x
Temperature

Protein
F
P
8.971
0.009
66.54
0.001
2.443
0.149

Phosphorus
F
P
104.44
<0.001
0.277
0.627
1.495
0.281

PI
Source
AMF
Temperature
AMF x Temperature

F
1.175
1.19
0.886

POD
P
0.357
0.337
0.449

F
3.565
0.704
2.454

Caterpillar Mass
P
0.078
0.449
0.148

F
1.256
7.678
0.285

P
0.336
0.22
0.76

F test for temperature used chamber mean square error for denominator. F test for AMF and
AMF × temperature used chamber × AMF mean square error for denominator. Bold print
indicates P < 0.05.
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DISCUSSION

Abiotic changes such as increased temperature and drought are predicted effects of
climate change (IPCC 2014) that may cause stress for plants and increase plant reliance on
symbiotic relationships to maintain growth and fitness (Kivlin et al. 2013). AMF represent
one group of symbionts that may reduce the effects of abiotic stress on plants (Davies et al.
2002). Further, AMF may influence biotic stressors such as herbivory (Pozo and AzconAguilar 2007). In this investigation, AMF interacted with abiotic conditions to affect plant
performance but not plant defense against insect herbivory.

Field Study

Enclosures and watering treatments significantly altered air temperature and soil
moisture, respectively, and these differences resulted in increased plant stress, as indicated by
striking effects on plant wilt. Plants experienced significantly greater wilt under drought and
increased temperature conditions. These results are similar to those of Davies et al. (2002),
who also found significant effects of drought on wilt. Although that study also showed that
AMF could influence wilt by decreasing or increasing it, AMF treatments in this study had
no influence on wilt.
Non-mycorrhizal plants had higher leaf protein content than AMF plants, but there
was no significant effect of AMF treatments on phosphorus content. These results may be
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due to the addition of the fertilizer. Kivlin et al. (2013) found that N fertilization
decreased the benefits of AMF symbiosis and Johnson et al. (2010) found that AMF could be
parasitic in phosphorus-rich soil. Therefore, increased nutrient availability in the soil may
have reduced potential phosphorus benefits from AMF and possibly shifted mycorrhizal
effects in a way that reduced N availability (and thus protein content) to plants. However,
these AMF effects did not interact with temperature or drought conditions, indicating that
fungal symbiont effects may not shift with climate changes.
All three treatments influenced plant growth. Total biomass was increased with
sufficient water for all AMF and temperature treatments compared to the restricted water
conditions. However, non-mycorrhizal plants with sufficient water under elevated
temperatures had less total biomass than the non-mycorrhizal plants with sufficient water at
the ambient temperature. These findings suggest that AMF may help to increase plant
biomass as temperatures increase. These findings are similar to those of Grümberg et al.
(2015), who also found decreases in total biomass for soybean plants under the stress of
drought compared to soybean plants with sufficient water. In this study, the single AMF
treatment demonstrated a strong biomass increase under warm conditions, whereas the mixed
AMF treatment showed a strong biomass increase at both temperature treatments. These
results reveal that a diverse community of AMF may be important as temperatures change by
providing plant growth benefits not seen with some individual AMF species. Drought alone
affected plant resource allocation to above- and below-ground growth, as plants with
restricted water had higher root:shoot ratios than plants with sufficient water. Plants under
the drought condition may have allocated relatively more growth to roots in an effort to
obtain more water. In a similar study, plants inoculated with AMF had higher root:shoot
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ratios than non-AMF plants, but drought treatments did not have a significant effect
(Davies et al. 2002). These authors interpreted an increased root:shoot ratio as a response
that enhances resistance to drought (Davies et al. 2002).
Manipulations of AMF, temperature, and water also affected allocations of plants
toward reproduction, as measured by flower and fruit production. An increase in temperature
caused a decrease in the number of flowers for non-mycorrhizal and mixed-AMF plants,
although the mixed-treatment plants had only a slight decrease. In contrast, the single-AMF
plants actually increased their flower production with the warmer temperature. Both AMF
treatments showed an increase in flower production when conditions went from restricted
water to sufficient, but single-inoculation plants only showed this benefit of water under
warm temperatures. Of all the treatments, non-mycorrhizal plants produced the least amount
of flowers under warm conditions with sufficient water. The possibility arises that AMF may
support flower production in regions that experience increased temperatures and rainfall in
the future. Treatment effects on flower number did not translate into parallel effects on fruit
production, where drought had a particularly strong negative effect on the number of fruits
produced by non-mycorrizal plants. Davies et al. (1992) found a trend for mycorrhizae to
mitigate the negative effects of drought on fruit production, although it was not
significant.The presence of AMF, especially a diverse AMF community, could provide an
advantage to plants in alleviating the stress of increased drought (Bunn et al. 2009),
especially as it relates to fruit production.

24
Herbivory Study

In the herbivory study, plants grown in growth chambers demonstrated the expected
symbiotic benefits of AMF on leaf protein and P content (Smith and Read 2008), with both
mycorrhizal treatments causing higher protein and P content than the non-mycorrhizal plants.
Similar to Grümberg et al. (2015), plants with the single-AMF treatment had higher protein
and P content than mixed-AMF and non-mycorrhizal plants. The partners in the AMF–plant
relationship may differentially contribute nutrients to one another, as plants may reduce the
amount of carbohydrates they allocate to the AMF that do not provide adequate levels of
benefits (Grman 2012), and not all AMF provide the same levels of benefit to their host
plants. Reciprocal costs and benefits between host plants and AMF species likely lead to
complex coevolutionary patterns that vary across abiotic and geographic conditions (Johnson
et al. 2010). This may explain why the presence of one AMF species may contribute to
higher protein and P content than a mix that may contain several less efficient AMF species.
The POD and PI activities of the plants were not affected by temperature or AMF
treatments. Campbell and Kessler (2013) demonstrated that the transition from selfincompatibility to self-compatibility was accompanied by the evolution of an inducible
defense strategy to herbivory in many Solanaceae species. Pepper plants used in this study
were self-compatible (Votava and Bosland, 2002) and may only express some defensive
traits when induced. Defensive proteins can be induced in pepper plants by mechanical or
chemical signaling. For example, polyphenol oxidase may be induced both by herbivore
wounding and methyl jasmonate application, whereas trypsin inhibitor (the protease inhibitor
I studied) is induced by methyl jasmonate application (Tan et al. 2011). Kempel et al. (2010)
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found that AMF increased herbivore growth in several plant species from different
families. However, this effect was reversed by resistance induction by herbivore feeding,
suggesting that AMF may play a role plant defense signaling.
In contrast to Tan et al. (2011) and Kempel et al. (2010), my study demonstrated
neither defensive trait effects, as measured by the PI and POD activity assays, nor herbivore
performance effects of AMF. I only measured constitutive defense effects, but these results
show that AMF colonization alone is not sufficient to alter plant resistance to herbivory. The
next step for this investigation would be to test herbivore performance on plants under these
AMF and temperature conditions with previous induction of the plants, either by prior
herbivore feeding or chemical induction such as through the application of jasmonic acid
(Barber 2013, Kiers et al. 2010, Thaler et al. 1996). Then it could be determined if the
pepper plants have an inducible defense strategy (Campbell and Kessler 2013) and if AMF
primes the induced chemical response that could reduce herbivory (Pozo-Alarcon and
Azcón-Aguilar 2007). On the other hand, a lack of induction with mycorrhizae present could
indicate that AMF provide tolerance to herbivory by providing sufficient nutrients to
overcome resource losses to herbivores (Bennett and Bever 2007). Additionally, indirect
defenses could play a role in plant resistance. The number of flowers a plant produces has
been linked to the attraction of predators of herbivores that reduce damage (Abdala-Roberts
et al. 2014). Given the changes in flower production I documented, AMF plants in the field
study may have a protective advantage by producing more flowers that would not be detected
in the growth chamber herbivory experiment, where predators were absent.
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SYNTHESIS AND CONCLUSIONS

The different responses of leaf protein and P content between the field and herbivory
studies are most likely due to the addition of fertilizer in the field study. Field plants had
much higher protein content in general (1.5-2%) compared to the herbivore study (<1%),
further evidence of the fertilization effect. The additional nutrients may have negated the
benefits of the AMF symbiosis in the field study compared to the herbivory study (Johnson et.
al 2010). Johnson et al. (2010) provided evidence that AMF fungi are mutualistic when
nutrients are limited, as in the herbivory study, but may be parasitic when nutrient levels are
elevated.
This investigation has provided insight into the AMF–plant relationship within the
context of a changing climate. The results have demonstrated that AMF nutrient
provisioning to plants, as shown for protein and P in the herbivory study, can be negated by
the addition of fertilizer. The relationship may also be sensitive to which AMF species is
colonizing the plant, as seen in the protein result of the herbivory study, where single-species
and mixed-species inoculations differed. In a field setting, the AMF–plant relationship
seems to provide relief from the stresses of increased temperature, as under warm conditions
mycorrhizal plants were larger, had more flowers, and tended not to have a reduction in fruit
production when water was sufficient, as was seen in non-mycorrhizal plants. The herbivory
study demonstrates that regardless of temperature, AMF increased both the protein and P
content in the host plant. Taken together, these results suggest that AMF may play a role in
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providing nutrients and increased fitness to plants under the stresses of climate change,
although they may not initially benefit plants through greater protection against insect
herbivores. The role of AMF in plants that have been induced to produce defense chemicals
and the impacts of AMF on indirect defenses have not been investigated in this system,
providing possible avenues for further experimentation.
The species identities of the partners in AMF–plant relationships are key factors in
the outcome of these symbioses, as not all plants have the same needs for nutrients from the
AMF or abilities to provide carbohydrates to AMF (Grman and Robinson 2013). Similarly,
AMF vary in their ability to provide nutrients for or to colonize a plant host (Grümberg et al.
2015). It is important to study these relationships in the context of climate change, as
outcomes of these partnerships may shift in coming decades along the “mutualism-parasitism
continuum” (Johnson et al. 1997). Finding the best combinations of AMF and plant species
not only has a role in agriculture, where it has the potential to reduce fertilizer needs (Tanwar
et al. 2013), but in plant conservation and ecosystem restoration (Johnson et al. 2010) as well.
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